A (4), were isolated from the South China Sea gorgonian Muriceides collaris. Muriceidines are the first examples structurally architected by guaiazulene coupling with an inner-salt Δ 1 -pipecolic acid via a unique sp 2 methine-bridged linkage, and the bis-sesquiterpene was comprised by a guaiazulene and a indene units linked through a unprecedented carbon-carbon σ-bond between the high steric bridgehead carbon C-10 of guaiazulene moiety and C-2′ of indene moiety. The chiral compounds 2-4 were obtained initially as racemates and further separated by chiral HPLC methods. The inner-salt structures of 1-3 and absolute configurations of 2-4 were fully elucidated by calculated 13 C NMR, ECD and OR with quantum chemical calculation methods. Compound 1 showed cytotoxicity against K562 cell lines with IC 50 value of 8.4 μM and antifouling activity against the larvae of the barnacle Balanus albicostatus with EC 50 value of 11.9 μg/mL and potent therapeutic index (LC 50 /EC 50 = 3.66). Also the racemic (±)-3 showed cytotoxicities against both HL-60 and K562 cell lines with IC 50 values of 2.2 and 3.7 μM, respectively. A semisynthetic trial was performed to validate the proposed biosynthetic hypotheses.
a novel structure architected by guaiazulene coupling with an inner-salt Δ 1 -pipecolic acid via a unique sp 2 methine-bridged linkage, and the unprecedented bis-sesquiterpene muriceidone A was characterized by a high steric linkage between azulene and indene units through a carbon-carbon σ-bond. All the chiral members 2-4 were initially obtained as racemates and were successfully separated by chiral HPLC methods. Apart from using the extensive spectroscopic analyses including IR, MS and NMR, especially the inner-salt structures in 1-3 and absolute configurations of 2-4 were fully elucidated by calculated 13 C NMR, ECD and OR with quantum chemical calculation methods using time-dependent density functional theory (TDDFT). Additionally, cytotoxic and antifouling activities were assayed for all the new compounds 1-6.
Results and Discussion
Structure Elucidation. Muriceidine A (1) was obtained as dark red amorphous power. Its molecular formula was determined as C 22 , indicating eleven degrees of unsaturation. The IR absorption bands indicated the presence of carbonyl (1701 cm −1 ) and imino (1649 cm −1 ) groups. In the 1 H NMR spectrum of 1 (Table 1) , the characteristic proton signals represented by an aromatic ABX coupling system at δ H 8.17 (1H, d, J = 2.2 Hz, H-8), 7.51 (1H, dd, J = 11.0, 2.2 Hz, H-6), and 7.33 (1H, d, J = 11.0 Hz, H-5), one aromatic singlet proton signal at δ H 7.81 (1H, s, H-2), two olefinic methyl proton signals at δ H 2.58 (3H, s, H 3 -14) and 3.17 (3H, s, H 3 -15) , as well as one isopropyl proton signals at δ H 3.11 (1H, septet, J = 6.6, 6.6 Hz, H-11) and 1.37 (6H, d, J = 6.6 Hz, H 3 -12/13), strongly suggested the presence of a C-3 substituted GA moiety in 1 by comparing its NMR data with those of GA derivatives 13 . The key HMBC correlations from H-12 and H-13 to C-7 (δ C 146.8) and C-11 (δ C 38.2), from H-6 and H-8 to C-11, from H-14 to C-1 (δ C 128.2), C-2 (δ C 139.0) and C-9 (δ C 142.8), and from H-15 to C-4 (δ C 149.3), C-5 (δ C 133.4) and C-10 (δ C 141.0) further confirmed this speculation ( Fig. 2A ).
Another key fragment of -CH 2 -CH 2 -CH 2 -in 1 was readily recognized from COSY correlations between H 2 -4′/H 2 -5′ and H 2 -5′/H 2 -6′. Thus, the HMBC correlations from H 2 -6′ [δ H 3.77 (2H, t, J = 5.5 Hz)] to C-2′ (δ C 172.3), and from H 2 -4′ [δ H 2.95 (2H, t, J = 6.0 Hz)] to C-2′, combined with the HRESIMS data could establish the Δ 1 -pipecolic acid moiety in 1 ( Fig. 2A ). This elucidation was further confirmed by comparing the NMR data with those of furpipate derivatives formed from furfural or 5-hydroxy-methylfurfural in the presence of Lysine and those of anthosamines 14, 15 . The sequential connection between GA moiety and Δ 1 -pipecolic acid was achieved by HMBC correlations from the methine-bridged proton of H-16 [δ H 9.56 (1H, s, H-16)] to C-2′, C-3′ (δ C 118.0), C-4′ (δ C 24.7), C-2, C-3 (δ C 123.5) and C-10, and from H 2 -4′ to C-16 (δ C 149.4) to form the planar structure of 1 (Figs 2A and SS10 in Supporting Information).
The geometry of the double bond ∆ 3′16 in 1 was assigned as E evident from NOESY correlations of H-2/H 2 -4′ and H-16/H 3 -15 but lack of correlation of H-16/H 2 -4′ (Figs 2A and SS11 in Supporting Information), which was supported by a molecular model analysis (the spatial distance of H-2/H 2 -4′ is <2.5 Å in E geometry but >4.7 Å in Z geometry) on the basis of conformational search in the Spartan 10 package showing that 1 fits in a seemingly planar structure with the C-2-C-3-C-16-C-3′ dihedral angel of 22° ( Fig. S2 and Table S2 in Supporting Information). However, there was still a pending issue whether compound 1 could be inner salt or non-ionized structure. Therefore, the quantum-mechanical GIAO calculations for the 13 C NMR chemical shifts of 1 were performed using the DFT theory method at the RB3LYP/6-311+g(2d,p) level 16 . The calculated isotropic shielding constants of inner salt structure of 1 were in good correlation with the experimental 13 C NMR chemical shifts ( Table 2) . After linear regression which gives a reasonable R 2 of 0.9972 and slope of −1.028 ( Fig. 2B) 16 , the mean absolute error with respect to the experimental data was 2.16 ppm for 1. Whereas, the calculation data of non-ionized structure of 1 gave an unacceptable linear relation along with a low R 2 value of 0.9941 and a high mean absolute error of 3.09 ppm (Fig. 2B) 16 . It was noticeable that the calculated chemical shifts for C-2′ and C-7′ in the two cases showed distinct difference. The resonance of C-2′ in inner salt structure is more deshielded relative to C-7′, whereas it will be opposite in non-ionized structure of 1 (Tables 2 and S5 in Supporting Information). Thus, the structure of 1 was fully elucidated. To determine their absolute configurations, the stable conformers of respective (+)-and (−)-2 were studied theoretically by TDDFT/ECD calculations at RB3LYP/DGDZVP level (Supporting Information) 17 . The experimental ECD spectrum of (+)-2 exhibited three moderate positive Cotton effects (CEs) at 232.7, 302.0 and 347.3 nm and two strong negative CEs at 199.1 and 263.3 nm, which matched well with the calculated ECD data for 4′S configuration (Fig. 2C ). On the contrary, calculated ECD of 4′R configuration exhibited mirror-like CEs consistent with the experimental data of (−)-2. Thus, 4′S and 4′R were finally assigned for (+)-2 and (−)-2, respectively.
(±)-Muriceidine C (3) was also obtained as a racemic mixture in initial isolation. Appearance of an extra methoxyl signal (δ H 3.45, s, 3H; δ C 54.3, q) in 3 comparing to 2 indicated that 3 was a methylated derivative of 2, which was supported by HMBC correlations from OMe to C-4′ (δ C 69.7). After chiral separation, the experimental optical rotation values and ECD spectra of (+)-and (−)-3 were consistent with those of respective (+)-and (−)-2 ( Fig. 2C ), suggesting that they share the same configurations.
(±)-Muriceidone A (4) was obtained as yellow amorphous power. Its HRESIMS (m/z 481.2360 [M+Na] + (calcd 481.2349)) provided molecular formula as C 30 H 34 O 4 , requiring fourteen degrees of unsaturation. The IR absorption bands indicated the presence of carbonyl (1701, 1697, 1695 cm −1 ), phenyl (1556, 1457 cm −1 ), and hydroxyl (3621 cm −1 ) groups. In accordance with the molecular formula, 30 carbon signals in its 13 C NMR spectrum were distinguished as eight methyls, nine methines (five olefinic), thirteen quaternary carbons (one oxygenated, eight olefinic, and three carbonyl carbons) by DEPT and HMQC spectra ( , and an aromatic AB system [δ H 6.54 (1H, d, J = 6.6 Hz) and 6.26 (1H, d, J = 6.6 Hz)]. The aforementioned spectral information strongly suggested that compound 4 could be a bis-sesquiterpene with derivative GA or indene unit 10 . HMBC correlations from H 3 -12/13 to C-7 and C-11, from H 3 -14 to C-1, C-2 and C-9, from H 3 -15 to C-4, C-5 and C-10, from H-2 to C-3 and C-10, from H-8 to C-9, C-10, and C-11, further confirmed the presence of 3-oxo-10-substituted dihydroguaiazulene moiety (Fig. 3A) . The presence of 1′-hydroxyl-5′-aldehyde-3′-oxo-indene moiety in 4 was evident from the HMBC correlations from H 3 -12′/13′ to C-7′ and C-11′, from H 3 -14 to C-1′, C-2′ and C-9′, from H 3 -15′ to C-4′, C-5′ and C-10′, from H-8′ to C-1′, C-5′, C-10′ and C-11′, from H-6′ to C-5′, from H-2′ to C-3′, and from the hydroxyl proton (δ H 2.17, br s) to C-2′ and C-9′ (Figs 3A and SS42 in Supporting Information). Finally, the key HMBC correlations from H-2′ to C-3, C-9 and C-10 could establish the planar structure of 4 as shown in Fig. 3A by a carbon-carbon σ-bond between C-10 and C-2′.
In NOESY spectrum of 4, the NOE correlation of hydroxyl proton with H 3 -14′ (Figs 3A and SS44 in Supporting Information) and lack of NOE correlation of H 3 -14′ with H-2′ indicated that H-2′ and the hydroxyl group was located on the same side of the indene plane. The initial optical rotation value near to be zero suggested its enantisomeric feature, and a successful chiral separation on HPLC for 4 yielded optical pure compounds (+)-4 and (−)-4, showing opposite optical rotation values of 308.7 and −316.7, respectively. To determine the absolute configurations of 4, the stable conformers of structural candidates of 10R,1′S,2′S, 10S,1′R,2′R, 10R,1′R,2′R, and 10S,1′S,2′S for 4 were studied theoretically by TDDFT/ECD calculations at RB 3 LYP/DGDZVP level 17 Biological Activity. It was reported that GA derivatives generally possess antioxidant, antiallergic, and anti-inflammatory activities, and have wide application as cosmetic color additive and anti-ulcer drug 13, 18, 19 . However, the novel muriceidines showed significant cytotoxic and antifouling bioactivities. In cytotoxic assay against HeLa, K562, HL-60, and A549 human tumor cell lines using the MTT method (Table 4 ) 20 , the racemic (±)-3 showed strong cytotoxicities against both HL-60 and K562 cell lines with IC 50 values of 2.19 and 3.68 μM, respectively, and compound 1 showed moderate cytotoxicity against K562 cell lines with IC 50 value of 8.37 μM, neither racemic (±)-2 nor the optically pure enantiomers, (+)-2 and (−)-2, as well as (±)-4, (+)-4 and (−)-4, were active against the selected tumor cell lines. The optically pure enantiomer (+)-3 was also inactive to the selected four tumor cell lines while (−)-3 showed moderate cytotoxic activity with IC 50 value of 5.08 μM against HL-60 cell line. Furthermore, compound 1 also had antifouling activity against the larvae of the barnacle Balanus albicostatus with EC 50 value of 11.9 μg/mL with high therapeutic index (LC 50 /EC 50 = 3.66), stronger than the positive control (Cu 2+ , EC 50 and LC 50 = 1.0 mg/mL, LC 50 /EC 50 = 1.0) 21 . Interestingly, 3-formyl guaiazulene (6) showed a lower EC 50 value of 2.39 μg/mL but lower therapeutic ratio of LC 50 /EC 50 = 2.60.
Proposed Biogenesis.
Chemically, GA is known as having rich-electronic property and high reactivity, especially the diverse oxygenation has been proved to be a normal chemical transformation in many synthetic and natural products 10, 22, 23 . In the present study, the GA showed a unusual derivative pattern featured by coupling to Δ 1 -pipecolic acid (3,4,5,6-tetrahydropyridine-2-carboxylic acid) and indene moiety. From a biogenic view, Δ 1 -pipecolic acid was considered to be generated from L-Lys 24 , and the important precursor molecules as a part of the new skeleton, the co-isolated 3-formyl guaiazulene (6) , could be derived from the co-isolated GA (5) through oxygenations. Δ 1 -pipecolic acid and 6 were speculated to form muriceidines A by an aldol-condensation-like step. Muriceidines B and C were regarded to be the products of oxidation and following methylation in allylic position of muriceidine A. Therefore, a plausible biogenetic pathway for these unusual guaiazulene derivatives (1-3) was proposed as shown in Fig. 4A .
Semisynthesis of muriceidines A and B.
In order to validate the proposed hypotheses, brief investigations were carried out using a precursor-directed approach (Fig. 4B) . Firstly, the Δ 1 -pipecolic acid was synthesized by L-pipecolinic acid after esterification, chlorination and dehydrochlorination 25, 26 . The other precusor 3-formyl guaiazulene could be easily prepared by Vilsmeier-Hacck reaction starting with guaiazulene in 80% yield 27 . Under the presence of sodium methoxide and acetic acid, muriceidine A could be obtained by an aldol-condensation-like reaction between the Δ 1 -pipecolic acid and 3-formyl guaiazulene in 8% yield 28 , which not only proved the rationality of the proposed biogenetic pathway but also afforded an available reference for large-scale preparation of the family molecules. Furthermore, the further oxidation, either direct exposure to air, even using relative severe oxylation conditions of SeO 2 , H 2 O 2 or bromination-hydrolysis with NBS-NaHCO 3 , in allylic position of muriceidine A to get muriceidines B and C failed. These efforts also indirectly confirmed the natural occurrence of (±)-Muriceidine B and (±)-Muriceidine C.
Experimental Section
General Experimental Procedures. Optical rotations were measured on a Jasco P-1020 digital polarimeter. UV spectra were recorded on a Beckman DU640 spectrophotometer. CD spectra were obtained on a Jasco J-810 spectropolarimeter. IR spectra were taken on a Nicolet NEXUS 470 spectrophotometer in KBr discs. NMR spectra were measured by JEOL JNMECP 600 and Bruker AVANCE III 600 spectrometers. The 7.2600 and 3.3100 ppm resonances of residual CDCl 3 and CD 3 OD, and 77. 16 
